GCaMP-6f is among the best calcium indicators and has been widely used for monitoring neuronal 16 activity in the brain. and optical recording of GCaMP-6f fluorescent signals in Thy1-GCaMP-6f mice hippocampal slices. 27
GCaMP-6f is among the best calcium indicators and has been widely used for monitoring neuronal 16 activity in the brain. Applications are at cellular level (calcium transients of action potentials) or 17 population activity (fluorimetry) during network events. Two important issues remain less explored: 18 1) Is GCaMP-6f signal sensitive enough for detecting subthreshold activity, similar to the sensitivity 19 of local field potential (LFP)? 2) Is the GCaMP-6f signal fast enough for detecting network 20 oscillations seen in LFP? Here the two issues are explored in a number of network events including 21 hippocampus sharp waves (SWs), carbachol induced theta oscillations, interictal-like spikes and 22 neuronal response evoked by high frequency stimuli. SWs are a typical network event with the 23 majority of neurons receiving subthreshold excitatory or inhibitory synaptic input without firing 24 action potentials. The excitatory/inhibitory post synaptic potentials (EPSP/IPSP) in the neuropil 25 become detectable in local field potential (LFP) signals. We compare simultaneously recorded LFP 26 and optical recording of GCaMP-6f fluorescent signals in Thy1-GCaMP-6f mice hippocampal slices. 27 We found that the occurrence of SWs produces a clear population GCaMP-6f signal of 0.3% dF/F. 28
This population GCaMP-6f signal correlated well with the LFP, albeit a delay of ~50 ms was 29
observed. The population GCaMP-6f signal follows well with the 20 Hz population activity evoked 30
by electric stimuli, while activity up to 40 Hz was detected with reduced amplitude. GCaMP-6f and 31 LFP signals showed a large amplitude discrepancy. The amplitude of GCaMP increased ~1000 times 32 from SW to carbachol induced theta burst, while the LFP changed less than 10 times. Our results 33
suggested that population GCaMP-6f signals may become a sensitive tool for detecting network 34 activity, especially for that with low LFP amplitude during elevated spiking rate but asynchronized 35 issues related to the latter remains less explored: 1) Is GCaMP-6f signal sensitive enough for 50 detecting subthreshold activity? 2) Is the GCaMP-6f signal fast enough for detecting network 51 oscillations? 52
For the sensitivity issue, we ask whether population GCaMP signal is comparable to Local field 53 potential (LFP) recordings, i.e., is capable to detect most of the network activity in which only a 54 small fraction of neurons fires action potentials, while the majority of neurons only have 55 subthreshold potentials. The answer appears to be a No for two reasons: A) Fluorescence signal 56 appears to reflect suprathreshold calcium influx, while the source of LFP can be from subthreshold 57 synaptic currents. B) The source of the GCaMP signal appears to be mainly somatic calcium 58 transients, while the source of the LFP voltage appears to be dendritic currents. However, measuring 59 population subthreshold calcium signals might become possible when the signals from a large 60 number of dendrites are integrated in the neuropil, given that the sensitivity and fluorescent yield of 61 GCaMP-6 is excellent. 62
Concerning the frequency response issue, the general consensus is that the time course of somatic 63 calcium transient is about 1 second, which is too slow for detecting most network oscillations [e.g., in 64 (Xing and Wu, 2018), 2 Hz signals were detectable but not 10 Hz signals]. However, the rising time 65 of calcium events is very fast and may be able to follow fast oscillations. Measurements with organic 66 calcium indicator magnesium green showed < 1 ms rising time (Regehr, 2000) . When action 67 potentials occur, the duration of intracellular calcium transient may be long and limited by the ability 68 of intracellular buffering and clearance (Helmchen and Tank, 2015; Neher, 2013 
Local Field potential (LFP) Recording
This is a provisional file, not the final typeset article LFP recordings were done in a submerged chamber, and slices were placed on a mesh that allowed 121 perfusion on both sides at a high flow rate (10-30 ml /min) ( The VSD signals were recorded by the same diode array. With a transillumination arrangement, 165 neurons through the whole thickness of the slice (490 µm) contribute relatively equally to the VSD 166 signal. A tungsten filament lamp was used for illumination and a 705/10nm interference filter 167 (Chroma) was placed in the illumination path during optical recording. 168
During imaging experiments, the slice was continuously perfused in a submersion chamber with 169 ACSF (same as the incubation solution) at 26 o C and at a rate of more than 20 mL/min. Intermittent 170 imaging trials were performed, with 2-3 min intervals between trials. The total light exposure for 171 each slice was less than 600 sec, far below the dose for detectable dye bleaching or phototoxicity. 172
Stimulation 173
Stimulation to the CA3 area was provided with a concentric metal electrode (FHC CBDSE 75). 174
Stimulation pulse was 0.1ms wide generated by a Master 8 stimulator (AMPI). The stimulation 175 current was 20-100µA generated by an isolator (AMPI). 176 signals from soma (stratum pyramidale) and neuropil (polymorphic or molecular layers) had the 221 same polarity (increased dF/F at SWS onset), suggesting that the calcium signals were not related to 222 current flow direction in the population. 223
Data Analysis

Recording Time 224
Exposure to the recording causes bleaching to the GCaMP fluorescent protein. The SW signal 225 amplitude reduces with the exposure time. Figure 1D showed a photobleaching experiment with 226 continuous optical recording of 2,500 seconds. In this experiment the excitation light intensity was 227 reduced to 1/2. Under this light intensity the root mean square power (RMS) of GCaMP peak was 228 about 5 time of the baseline RMS noise. After ~1000 second of exposure, the SW optical signal 229 reduced to one-half of the power ( Figure 1D ), but it could be distinguished after 2500 seconds of 230 exposure. Similar long-time recording was done in five slices from 5 animals, and all showed reliable 231 recording within 1500 seconds of recording with continuous illumination. In two animals we tested 232 long time optical recording, the optical signals remained detectable after 7200 seconds of light 233 exposure. 234
Time Delay Between the GCaMP and VSD Signals 235
GCaMP signal showed a significant delay compared to local field potentials (Figure 2 
Frequency Response Property 245
The time delay of ~50 ms of the population GCaMP-6f optical signal should in theory allow 246 following up to 20 Hz of network oscillations in the tissue. It may also be possible to detect higher 247 frequency signals at attenuated amplitude. To test the frequency limit of GCaMP-6f population 248 signals, we used electric stimulation to CA3 and measured the evoked population response in the 249 CA1 area. The stimulation intensity was low, adjusted so that the evoked response had a similar 250 amplitude of spontaneous SWs in the same tissue ( Figure 3A) . Evoked GCaMP signals were also 251 seen in the CA3 and CA1 areas (red and orange traces in Figure 3A ). When two stimuli were 252 delivered close in time, the response to the second stimulus was larger ( Figure 3A , arrowhead), 253 suggesting pair pulse facilitations was detected by population GCaMP signals. 254
With a train of stimuli of identical intensity, the GCaMP signals summates, forming a much larger 255 rising ramp than the response to individual stimulus ( Figure 3B ). The dF/F of individual stimulus was 256 about 0.1%, while the ramp signal of the 40 Hz stimulation was ~100% (comparing Figure 3B and 257 3C). The ramp rising time was faster with higher stimulation frequency of identical stimulus intensity 258 ( Figure 3B ). The large ramp signal suggested accumulation of calcium in the cell; the time course of 259 the intracellular accumulation might be limited by the clearance of intracellular calcium, while the 260 individual response might be related to the calcium influx. 261
The rising time of ramp signal was much slower than the rising time of individual response, so that 262 the ramp signal can be removed by digital high-pass filter without significantly distorting the 263 response to individual stimulus ( Figure 3C ). The one-to-one relationship between stimulus and 264
GCaMP signals maintained up to 40 Hz of the stimulation frequency. Responses to <30 Hz stimuli 265 were clearly seen in raw signals ( Figure 3C ). 30-40 Hz signals were distinguishable with band pass 266 filtering (10 to 55Hz, blue traces in Figure 3C ). Response to the 40 Hz stimuli was further verified 267 with fast Fourier transform (FFT, Figure 3D ). While the 40 Hz FFT peak was smaller compared to 268 that of lower frequencies, the peak was clearly distinct from the background noise. 269
The power of population GCaMP signal decreased exponentially with frequency ( Figure 3E ), 270
suggesting that the time delay of the GCaMP-6f limits the frequency response property. 271
Amplitude Discrepancy between GCaMP and LFP Signals 272
Exceptionally large GCaMP signals were occasionally seen during some population events, while the 273 LFP signals of the same events were relatively small. Spontaneous interictal events has an amplitude 274 of 17 + 12% (dF/F, N=15), in one typical preparation shown in Figure 4 , about 20 times larger than 275 the SW signals in the same tissue (dF/F 0.7+0.2%, N=455). In contrast the LFP signals of the SW 276 and interictal spikes had similar amplitude albeit the polarity was reversed and more extracellular 277 spiking were picked up by the LFP electrode ( Figure 4A insert) . 278
Spontaneous interictal events only occur occasionally in 2 out of 11 slices examined, and their 279 occurrence rate was low. In one slice 1,847 SWs were recorded in 36 min of optical recording 280 session, only 15 spontaneous interictal events were recorded. To further verifying the amplitude 281 discrepancy, we examined bicuculline induced interictal events in the slices. 282
Bicuculline (20 µM in the perfusion solution) was used to induce spontaneous interictal-like spikes in 283 4 slices (N= 101 events recorded). The GCaMP signals of bicuculline induced interictal spikes were 284 200 -500 times larger than the GCaMP of SW event, while the LFP signals was only ~20 times 285 larger, demonstrating a large amplitude discrepancy. The dF/F of CCaMP signals expanded over a 286 large dynamic range from SW to bicuculline induced interictal spikes, suggesting that GCaMP 287 signals can be used to gauge the magnitude of population activity. 288 This is a provisional file, not the final typeset article Surprisingly, the rising time for SWs and interictal spikes induced by the GABAa receptor antagonist 289 was similar, despite the amplitude differ about 200 to 500-fold from SW to bicuculline induced 290 interictal spike ( Figure 4D ). The rising time of all three events, defined as the time for the signal 291 rising from 10% to 60% of the peak was about 40 ms. These suggest the onset time of the optical 292 signal was limited by the GCaMP speed. 293
GCaMP Signals during Carbarchol Induced Theta Oscillations 294
Theta oscillations and related population events were used for further verifying the high frequency 295
GCaMP signals and amplitude discrepancy with LFP recordings. 296
When the perfusant of the slice was switched from normal ACSF to ACSF containing 40 µm 297 carbachol, the spontaneous SW disappeared and spontaneous theta oscillations (4-7Hz) emerged as 298 recorded by the LFP electrode. Through time course transforming from SW to theta oscillations, 299 large GCaMP signals and large discrepancy between the LFP and GCaMP signals were observed. 300 Figure 5A showed a representative recording through the transition from SW to carbachol induced 301 theta oscillations. Before carbachol was introduced, slice in the control ACSF exhibit spontaneous 302
SWs with LFP and GCaMP signals. These signals were used as a reference for the events later 303 ( Figure 5A trace 1, a section marked by the blue box is expanded in Figure 5B ). Spontaneous SWs 304 quickly disappeared when carbachol was introduced (within one min). Quickly, large fluctuations of 305
GCaMP signals were observed, about 10 times larger compared to those of the SWs. Such large 306
GCaMP fluorescence signal were correlated with small LFP signals, about 1/5 of that of the SW 307 events. This again demonstrated amplitude discrepancy between LFP and GCaMP signals ( Figure  308 5A, trace2, one section in blue box was expanded in Figure 5C ). The optical signal fluctuation 309 became larger and larger before theta oscillations emerged. Meanwhile the LFP electrode often 310 picked up single unit spikes from neurons in the vicinity of the electrode tip, as a sign of elevated 311 population excitability. 312
The GCaMP signal fluctuations paralleled changes in neuronal firing with bursts of spikes correlated 313 with large increases of the GCaMP signal ( Figure 5A , trace 3). Such correlation became more and 314 more obvious, until an episode of theta oscillations occurred ( Figure 5A , trace 4, a section in blue 315 box was expanded in Figure 5 D) . In this preparation the theta oscillation was about 8 Hz ( Figure  316 5E), and the 8 Hz GCaMP signals were clearly seen ( Figure 5D ). Later, bursts of theta waves occur 317 in the slice, each burst was associated with a large peak in the GCaMP signal, and a fast component 318 correlated with each peak in the LFP. 319
During these events the discrepancy between GCaMP and LFP signals was large. In LFP signals the 320 SW had similar amplitude compare to the theta burst peaks; in the GCaMP signals, the latter was 321 500-800 times larger. Again, the rising time of SW and theta burst were similar. 322
Cellular Transient and Population Signals 323
Finally, we wanted to verify that the cellular calcium transients were large, local to the soma, and had 324 longer duration as reported before (Miyawaki et al., 2014; Norimoto et al., 2018) . In contrast, the 325 population GCaMP signals in the same tissue were small, distributed in a large area, and with shorter 326 duration. 327
In an experiment showing in Figure 6 , the CA3 area was imaged ( Figure 6A ) and the laminar 328 pyramidale in the imagine field was examined for cellular calcium transients (Figure 6 A redhexagon). Five detectors were chosen to show both SW population signals ( Figure 6B ) and cellular 330 transients ( Figure 6C ). In normal ACSF the SW signals were seen in all five detectors (Figure 6 B) 331 as well as in most of the detectors in the imaging area (one SW marked in the blue box in Figure 6B  332 was displayed in all detectors in Figure 6A ). Later 2 µM carbachol was added into the perfusion 333 solution to promote cellular spiking. Under this condition large calcium transients were observed in 334 all five detectors. Because the diode array had a low spatial resolution, these calcium transients could 335 not be attributed to individual CA3 neurons. However, these large signals were localized to one or a 336 few detectors; e.g., the signals on neighboring red, blue, and green detectors only showed small 337 crosstalk ( Figure 6C ), suggesting that the source of the signals was highly localized to the soma or 338 dendrites of distinct CA3 neurons. In contrast, the SW signals were distributed over the entire field of 339 view. 340
The large and localized calcium transients also showed a duration of 1- 2 before carbachol induced theta oscillations emerged ( Figure 5 ). 354
Time Delay 355
The time delay of the population GCaMP-6f signal was about 50 ms, which is slower than organic 356 calcium indicators (e.g., Cal-520, Rhof-4, (Lock et al. This is a provisional file, not the final typeset article al., 2014), also the supplement movie of (Norimoto et al., 2018) ). Large fraction of uncorrelated 373 cellular calcium transients would only contribute to the background fluorescent. 374
In contrast, the majority of CA1 neurons receives both excitatory and inhibitory synaptic inputs 375 during every SW event (Hajos et al., 2013) . The calcium influx in the presynaptic compartments of 376 both excitatory and inhibitory neurons in the CA1 neuropil would contribute to the population 377
GCaMP signal locked to the LFP, given that each CA3 neuron projects to 2/3 of the CA1 area and 378 makes 30,000 to 60,000 of excitatory synapses onto CA1 neurons (Li et The population signal of SW is a small intensity change over a brighter background (a light flux of ~ 386 10,000 photo electros/ms) which should saturate EMCCDs. 387
Amplitude Discrepancy 388
GCaMP-6f and LFP signals showed a striking amplitude discrepancy during some population events 389 (Figures 4, 5) . The unusually high amplitude in GCaMP-6f signal may reflect increased population 390 firing rate in a duration of ~100 ms. processes (Helmchen and Tank, 2015) . 398
The accumulation of the population GCaMP signal can be clearly seen in Figure 3B , where repetitive 399 stimuli caused a rising ramp and the ramp slope became deeper with higher stimulus frequencies. The 400 ramp signal was much slower and larger compared to the signal induced by individual stimulus. 401
The accumulation of GCaMP offers a sensitive indicator for "the spiking density" in the population. 402
Spiking density is referred to as increased firing rate on a temporal scale of 100 ms, which is different 403 from the term "synchrony" as an increased firing rate on a millisecond temporal scale. High spiking 404 density does not necessarily cause large LFP peaks, because sodium and potassium currents would 405 cancel each other if the firing are not precisely synchronized. However, GCaMP-6f signal 406 accumulates over ~100 ms time scale, offering an excellent indicator for increase spiking density. In 407 contrast, on single cell level, the post synaptic potential and the GCaMP6 signal are much better 408 correlated (Kupferschmidt and Lovinger, 2015) . The large LFP-GCaMP discrepancy is likely to be a 409 population sum of subthreshold phenomenon. 410
Large LFP-GCaMP amplitude discrepancy was seen in carbachol induced burst activity ( 
SWR vs. Epileptic Events 416
There is an active debate whether in vitro SWRs reflect epileptic or other pathological events 417 (Karlocai et al., 2014; Buzsaki, 2015) . We demonstrated that the two events have large difference in 418
GCaMP-6f signal amplitude. Spontaneous seizure events, while rare, can happen without changing 419 the bath solution or the excitability of the slices. This provide a strong evidence that the in vitro 420
SWRs are different from epileptiform events. The large calcium signals during epileptiform events 421 are probably caused by large number of spikes in the neuronal population. 422
Sensitivity and Dynamic Range 423
We used diode array for our measurement, the limitation for the sensitivity seems to be the dark noise 424 of the device. The intensity of excitation light needs to be high enough so the signal can be 425 distinguished from the dark noise. In order to achieve ~30 min of optical recording time, Dynamic range of the detecting device may also be a concern. An 8-bit of digitization resolution is 431 needed for resolving the waveform of 0.1% dF/F and separating signal from the noise by digital 432 filters. Another 8-12 bits are needed for 1000-fold change in the dF/F. These 16-20 bit dynamic 433 range, 1000 frame/sec sampling speed would set a high bar for the imaging device. 434 Some of our results are compatible to a recent in vivo photometry study (Kupferschmidt et al., 2017 Ylinen, A., Bragin, A., Nadasdy, Z., Jando, G., Szabo, I., Sik, A., et al. 
